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Abstract 

Background: We analyzed the frequency of heart rate (HR) changes related to seizures, and we sought to identify the 
influencing factors of these changes during partial seizures, to summarize the regularity of the HR changes and gain 
some insight into the mechanisms involved in the neuronal regulation of cardiovascular function. To date, detailed 
information on influencing factors of HR changes related to seizures by multiple linear regression analysis remains scarce. 

Methods: Using video-electroencephalograph (EEG)-electrocardiograph (ECG) recordings, we retrospectively assessed 
the changes in the HR of 81 patients during a total of 181 seizures, including 27 simple partial seizures (SPS), 1 10 
complex partial seizures (CPS) and 44 complex partial seizures secondarily generalized (CPS-G). The epileptogenic focus 
and the seizure type, age, gender, and sleep/wakefulness state of each patient were evaluated during and after the 
seizure onset. The HR changes were evaluated in the stage of epilepsy as time varies. 

Results: Of the 181 seizures from 81 patients with ictal ECGs, 152 seizures (83.98%) from 74 patients were accompanied 
by ictal tachycardia (IT). And only 1 patient was accompanied by ictal bradycardia (IB). A patient has both IT and IB. We 
observed that HR difference was independently correlated with side, type and sleep/wakefulness state. In this analysis, 
the HR changes were related to the side, gender, seizure type, and sleep/wakefulness state. Right focus, male, sleep, 
and CPS-G showed more significant increases than that were observed in left, female, wakefulness, SPS and CPS. HR 
increases rapidly within 10 seconds before seizure onset and ictus, and typically slows to normal with seizure offset. 

Conclusion: CPS-G, sleep and right focus led to higher ictal HR. The HR in the stage of epilepsy has regularly been 
observed to change to become time-varying. The risk factors of ictal HR need to be controlled along with sleep, CPS-G 
and right focus. Our study first explains that the HR in seizures has a regular evolution varying with time. Our study 
might help to further clarify the basic mechanisms of interactions between heart and brain, making seizure detection 
and closed-loop systems a possible therapeutic alternative in refractory patients. 
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Background 

Sudden unexpected death in epilepsy (SUDEP) repre- 
sents an interesting conundrum of the heart-brain inter- 
face that is the focus of intense research. The exact 
pathophysiologic processes were unknown. Autonomic 
changes affecting the cardiac rhythm may play a role, al- 
though the precise pathways involved are still unclear 
[1]. The cardiac effects of epilepsy are widespread and 
range from subtle changes in heart rate variability (HRV) 
to ictal sinus arrest. 
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HRV reflects the beat-to-beat alterations in the HR 
and is mainly modulated by parasympathetic and sympa- 
thetic activity [2]. HRV can be used as a tool to show in- 
formation on the functional state of the autonomic 
nervous system. And HRV is a mirror of neuronal influ- 
ences on the cardiac pacemaker as one of the important 
functions of the autonomic nervous system [3]. It was 
found to be lower with refractory epilepsy, possibly 
resulting from parasympathetic or vagal reduction. This 
can make patients more susceptible to tachycardia and 
fibrillation and possibly SUDEP [4,5]. Although IB in HR 
during epileptic seizures can occur [6], the most com- 
mon abnormality reported is Ictal tachycardia (IT) [7-9], 
which has been reported following CPS and SPS [4], IT 
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has been reported in up to 100% of seizures and can pre- 
cede, coincide with, or follow ictal discharges. Analysis 
shows that HR increases significantly in CPS-G com- 
pared to non-generalized seizures [10]. More insight into 
the mechanisms of generalization of partial seizures may 
improve treatment, and possibly also contribute to a re- 
duced number of SUDEP, which has been reported pre- 
viously [11]. HR increase seems more prominent in 
temporal lobe seizures (where insular spread is com- 
mon), compared with extratemporal seizures [12-14]. 
Whether there is a central hemispheric lateralization 
of cardiac autonomic control is debatable. A predom- 
inance of increase of HR as compared to baseline in 
right sided temporal seizures can be expected and is 
confirmed by some [15,16], but others describe a 
more prominent HR change during left-sided seizures 
[10]. To clarify these questions, we analyzed the fre- 
quency of cardiac rhythm related to seizures and at- 
tempted to determine risk factors and associated clinical 
characteristics. 

Apart from SUDEP, mortality and morbidity as a re- 
sult of seizure-related events (e.g., accidents and 
drowning) are frequent. As the occurrence of seizures 
is unpredictable, much research was devoted into pre- 
diction or early detection of seizures. Detection of 
seizures could be very helpful not only in the devel- 
opment of warning systems but also in novel treat- 
ment strategies [17]. 

Methods 

Subjects 

We analyzed HR changes on 181 consecutive partial sei- 
zures from 81 epileptic patients referred to the Depart- 
ment of Neurosurgery of Liaocheng People s Hospital, 
Beijing Tiantan Hospital, and Beijing Neurosurgical 
Institute at Capital Medical University for presurgical 
evaluation and scheduled as candidates for surgery. Be- 
tween January 2011 and June 2013, most of these pa- 
tients were admitted to our unit to determine their 
suitability for epilepsy surgery. None of the subjects suf- 
fered from cardiovascular disease. Status epileptics have 
shorter interval time between two seizures, the time 
period from 60 seconds before EEG seizure onset to 
60 seconds after seizure offset is not easy to define. 
Therefore, status epileptics were excluded from the 
analysis. For three groups of seizures (SPS, CPS and 
CPS-G), consecutive events providing satisfactory video - 
electroencephalograph - electrocardiograph (EEG-ECG) 
recording were analyzed. The patients with at least one 
qualifying event were entered consecutively. The number 
of seizures analyzed per patient ranged from 1 to 4 (aver- 
age 2.2). The study conformed to the Declaration of 
Helsinki, was approved by the ethics committee of the 
Beijing Tiantan Hospital, Capital Medical University. 



Data 

All the available inpatient video-EEG-ECG data for each 
subject were reviewed. Digital EEG was recorded with a 
common reference at a sampling frequency of 256 Hz. 
The EEG data were obtained by using the international 
standard 10-20 system electrode placement and sphen- 
oidal electrodes with one lead of ECG monitoring. ECG 
was recorded (sampling frequency 256 Hz, low- 
frequency filter 0.3 Hz, high-frequency filter 70 Hz). The 
non-lateralized patients were recorded with indwelling 
depth electrodes. HR was assessed by manual analysis. 
HR were the beats per minute at different time epoch in 
each seizure out of EEG-ECG which was recorded 
within 10 seconds in each screen, then count the num- 
ber of QRS complexs within 10 seconds, multiply the re- 
sult by 6. The baseline ECG rates were determined for 
10 second epochs and expressed as beats per minute, 
and we measured the HR for the 60 seconds that pre- 
ceded the seizure onset as the baseline ECG. The max- 
imum and minimum HR during seizures were similarly 
identified [18]. HR was calculated at the 60S, 40S, 30S, 
20S, 10S before seizure onset, ictal onset, ictal, and 60S 
after seizure offset. Seizure onset was defined as EEG 
seizure onset. The first 10s of the ictus (herein called 
'ictal onset'), seizure offset was defined as the end of 
EEG seizure end. In CPS-G seizures, ECG signals were 
commonly obscured by muscle and movement artifacts. 
We found that near the end of the tonic-clonic phase, 
ECG signals were less susceptible to artifacts interfer- 
ence. Additionally, we can get data by reducing the 
sensitivity of scalp electrodes, increasing the sensitivity 
and low-frequency filters of ECG, and debasing high - 
frequency filters of ECG. Therefore, ictal HR was pos- 
sible to obtain. The video-EEG data evaluated for each 
recorded seizure are (a) the location of the ictal onset 
zone, (b) the seizure duration, (c) the seizure type, and 
(d) the sleep/wakefulness state during which the seizure 
arose. All the ECG data were reviewed by a board- 
certified cardiologist and electrophysiologist. Magnetic 
resonance imaging (MRI) of the brain for each patient 
was obtained from a review of the medical records. 



Type (IT and IB) of HR changes and curve graph 

IT and IB were defined as development of a heart rate 
more than 100 and less than 60 beats/min respectively 
after onset of seizure activity on the EEG. We measured 
the HR for the 10, 20, 30, 40, 60 seconds before the seiz- 
ure onset, ictal onset, ictal and 60 seconds after seizure 
offset. We measured the HR for the 60 seconds that pre- 
ceded the seizure onset as the baseline HR. The average 
of the difference between the HR at different time and 
the baseline HR can tell us whether it produce ictal HR 
changes. The HR changes were evaluated in the stage of 
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epilepsy as time varies. Curve graphs of the seizures 
could be drawn based on the HR changes and HR. 

Statistical analysis 

SPSS for Windows version 11.0 (SPSS, Chicago, IL, 
USA) was used for the statistical analysis. A mean base- 
line HR (B-HR) and maximum and minimum HR were 
estimated during seizures. All reported variables were 
assessed with a non-parametric variable test (One-Sample 
Kolmogorov-Smirnov), assessing if it was distributed 
normally. The difference between gender, hemispheric 
lateralization and sleep/wakefulness on the HR changes, 
and the difference between ictal and postictal HR during 
sleep and CPS-G sleep separately were assessed with an 
independent two-sample t-test. Analysis of variance 
(ANOVA) was used in comparing the mean HR differ- 
ence. Post hoc correction for multiple testing has been 
performed. Spearman's rank and Pearson's correlation co- 
efficient were used. A multivariate analysis was performed 
by means multiple linear regressions to assess the influ- 
ence of the indicators on the HR difference. The process 
of variable selection was stepwise forward, at the level of 
5%, which selected the smallest subgroup of the independ- 
ent variables that influenced the HR difference. P < 0.05 
was considered statistically significant. 



Results 

Patients and MRI data 

Eighty-one patients (56 male and 25 female, with a mean 
age of 22.8 years, range: 3-49 years) were included in 
this study. The mean duration of all the seizures was 
152 s (the standard deviation was 57 s; the range was 3- 
480 s). All the patients had consistent HR changes from 
seizure to seizure. Brain MRIs detected morphologic al- 
terations in 65 of 81 cases (partial epilepsy), and in 39 of 
44 cases (temporal lobe epilepsy) focal lesions were doc- 
umented, including hippocampal sclerosis (n = 30), cav- 
ernous hemangioma (n = 7) and arachnoid cyst (n = 2). 
In the morphologic alterations in 15 of 23 cases (frontal 
lobe epilepsy), 15 cases with focal lesions were abnormal 
signals, and the alterations in 11 of 14 cases (occipital 
lobe epilepsy), 11 cases with abnormal signals (n = 11). 

Seizure types and location of ictal onset 

A total of 181 seizures from 81 patients indicated symp- 
tomatic or cryptogenic partial epilepsy, 27 had SPS sei- 
zures (14.9%), 110 had CPS but no GTC seizures (60.8%) 
and 44 had CPS-G seizures (24.3%). A total of 47 sei- 
zures were frontal lobe, 101 seizures were temporal lobe 
and 33 seizures were occipital lobe in seizure onset 
(Table 1). 



Table 1 Factors influencing ictal HR 



Category 

Gender 

Male 

Female 
Age {years) 

<14 

>14 

Hemisphere of onset: 

Left 

Right 
Localization 

Frontal 

Temporal 

Occipital 
State of consciousness 

Asleep 

Awake 
Type of seizure 

SPS 

CPS 

CPS-G 



Number of 
seizures (%) 



124 (68.5%) 
57 (31.5%) 

32 (17.7%) 
149 (82.3%) 

96 (53.0%) 
85 (47.0%) 

47 (26.0%) 
101 (55.8%) 

33 (18.2%) 

72 (39.8%) 

109 (60.2%) 

27 (14.9%) 

110 (60.8%) 
44 (24.3%) 



Maximum ictal HR 
mean ± S.D 



132.3 ±29.2 
123.9 ±21.1 

132.4 ±24.3 
129.0 ±27.7 

128.4 ±26.7 

131.0 ±27.7 

130.1 ±31.4 
129.0 ±25.2 

130.7 ±27.1 

133.8 ±27.1 
126.8 ±26.9 

105.7 ±22.9 

124.8 ±21.1 

156.5 ±26.7 



Minimum ictal HR 
mean ± S.D. 



75.0 ±13.0 

79.5 ±15.1 

89.1 ±13.6 

73.7 ±12.2 

79.8 ±14.0 

72.6 ±12.5 

76.8 ±13.5 

75.7 ±12.0 
78.1 ±18.8 

70.9 ± 80.0 

80.1 ±13.4 

72.9 ±14.9 
77.0 ±14.3 

77.2 ± 1 1 .5 



HR difference 
mean ± S.D 



57.2 ±27.5 
44.5 ± 22.7 

43.4 ±30.9 

55.3 ±25.3 

48.5 ±26.1 
58.5 ± 26.4 

53.3 ± 28.5 

53.2 ±24.1 
52.8 ±31.9 

62.8 ±25.4 
46.8 ±25.7 

32.8 ± 24.4 
47.7 ± 20.6 

79.3 ± 22.4 



p- value 
(HR difference) 



P = 0.001 



P = 0.022 



P = 0.011 



(Frontal vs Temporal) P = 0.995 
(Temporal vs Occipital) P = 0.944 
(Frontal vs Occipital) P = 0.947 

P = 0.000 



(SPS vs CPS) P = 0.002 
(SPS vs CPS-G) P = 0.000 
(CPS vs CPS-G) P = 0.000 
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HR changes 

Of the 181 seizures from 81 patients with ictal ECGs, 
152 (83.98%) seizures from 74 patients were accom- 
panied by IT. And only 1 patient was accompanied by 
IB. A patient has both IT and IB. Our patients did not 
have an attack of asystole; however, IB was revealed in 
1.10% of 181 seizures. The change in HR during a 
seizure was analyzed for possible influences by differ- 
ent factors. The HR before and during seizures was de- 
termined and correlated with the epileptogenic focus, 
gender, lateral hemispheric asymmetry, the types and 
sleep/wakefulness state. Most of generalized tonic-clonic 
phase onset (66%) in CPS-G seizures occurred at the 35 ~ 
40s after EEG seizure onset. Generalized tonic-clonic 
phase characteristics in CPS-G seizures are presented in 
Table 2. 

HR difference 

HR difference was defined as the difference of the max- 
imum and minimum HR during seizures. Except for age 
and duration, all reported variables are distributed nor- 
mally. The effect of influencing factors is summarized in 
Table 1. An effect of gender was demonstrated, and the 
HR changes in the male patients were higher than in the 
female patients (P<0.01). The seizures in the patients 
>14 years old were accompanied by a significantly 
greater increase in HR than in the patients <14 years old 
(P < 0.05). Fifty- three percent of the seizures lateralized 
in origin to the left hemisphere, and the remaining to 
the right, and the HR difference in the patients with a 
right focus showed a significant increase over those with 
a left focus (P < 0.05). The HR difference was related to 
the seizure focus, and we found no significant differ- 
ences among the three groups in relation to the location 
of the ictal onset zone. 

The seizure type, side and state of consciousness (sleep 
vs. wakefulness) showed some influences on the HR. 
The mean HR differences in sleep and wakefulness were 
(62.8 ±25.4) and (46.8 ± 25.7) BPM, respectively. HR 
changes in sleep were higher than in wakefulness (P< 
0.01) (Table 1, Figure 1). The mean HR differences of 
SPS, CPS and CPS-G were (32.8 ± 24.4), (47.7 ± 20.6) 
and (79.3 ± 22.4) BPM, respectively. With regard to the 
three seizure types, there were differences in the HR 
changes between the frontal lobe and the occipital lobe. 
In the SPS and CPS seizures, no differences were shown, 
and the remaining had an obvious statistical significance 
in temporal lobe seizures (Figure 2). The HR changes in 
the CPS-G seizures were the highest of the three types 
CP < 0.01) (Figure 2). In the CPS and CPS-G seizures 
(Figure 3), a greater degree of HR increase was observed 
during the CPS and CPS-G seizures arising from sleep 
than during those arising from wakefulness. This differ- 
ence was observed independently with the CPS seizures 



Table 2 Generalized tonic-clonic phase characteristics in 
CPS-G seizures 

Patient Duration (s) Heart rate 

lOSpreictal Ictal 



19 67 126 168 

59 114 174 

21 270 114 150 

60 144 162 

22 90 114 156 

25 63 108 156 

26 175 84 168 
145 108 168 

33 70 138 168 

34 65 78 180 
60 69 180 

37 80 48 144 
83 72 156 

38 65 102 144 

44 40 108 144 

45 59 126 156 
70 120 156 

46 91 90 126 

47 83 90 120 
73 114 114 

48 87 108 168 

49 97 114 144 

50 65 108 174 
53 115 78 120 
55 83 108 162 
59 73 114 126 
63 50 102 156 

59 102 150 

55 102 132 

65 90 168 171 

77 150 186 

67 141 108 138 

69 70 126 144 

70 83 66 102 
68 108 126 

73 72 96 174 
70 132 180 

74 47 150 168 

76 40 117 162 
45 114 138 

77 65 84 103 
70 114 169 

79 95 75 96 

81 70 108 132 
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P<0.001 



P>0.05 



P<0.01 



P<0.01 



100 



90 




Sleep 

Wakefulness 



Total 



Frontal Temporal Occipital 



Figure 1 HR difference related to 181 seizure onset (Frontal: Sleep 24, Wakefulness 23; Temporal: Sleep 35, Wakefulness 66; Occipital: 
Sleep 13, Wakefulness 20) and sleep/wakefulness state. 



(mean increase, 54.0 BPM in sleep, SD = 18.5; 44.8 BPM 
in wakefulness, SD = 21.8; P = 0.025) and tended to be 
observed with the CPS-G seizures (mean increase, 93.3 
BPM in sleep, SD = 12.4; 70.5 BPM in wakefulness, SD = 
22.9; P - 0.000) (Figure 3). There were difference during 
72 sleep seizures and in the CPS-G sleep seizures 



between postictal and ictal HR. Ictal HR were higher 
than postictal HR in the 72 sleep seizures (P = 0.000). In 
the CPS-G seizures, ictal HR were higher than postictal 
HR. This difference was observed with the CPS-G sei- 
zures (mean, 162.6 BPM in the ictal HR, SD = 12.9; 91.8 
BPM in the postictal HR, SD = 25.7; P = 0.000). 



120 



100 




Total 



Frontal 



JL * 





ISPS 
I CPS 

CPS-G 



Temporal 



Occipital 



Figure 2 HR difference related to 181 seizure (Frontal: SPS 4, CPS 28, CPS-G 15; Temporal: SPS19, CPS 61 , CPS-G 21; Occipital: SPS 4, 
CPS 21, CPS-G 8) onset and type (*P < 0.01, #P > 0.05). 
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Relation of the HR difference and various variables 

A total of 152 seizures associated with IT were included 
in the study. As shown in Table 3, the factors with a sta- 
tistically significant association with an increased HR 
difference among the seizures were male (P =0.001), 
right side (P =0.010), CPS-G type of seizure (P = 0.000), 
and sleep state (P = 0.000). There was no statistically sig- 
nificant (P >0.05) relationship between the mean HR dif- 
ference of the seizures and the seizure localization. 

Regarding the influence of the course of illness, no sta- 
tistically significant association was observed (P >0.05). 
Table 4 presents the correlation between the HR differ- 
ence and the clinical variables. We observed that the HR 
difference presented moderate correlations with duration 
(P = 0.000). There was no statistically significant (P> 
0.05) correlation between the mean HR difference of the 
seizures and age. We found that the HR difference pre- 
sented moderate correlations with side, type, and sleep/ 
wakefulness state (Table 5). We also found that side, 
type, and sleep/wakefulness state were independently 
predictive of the HR differences (Table 6). 

Regularity of HR changes 

We assessed the changes of HR in 181 seizures in 81 pa- 
tients. IT was found in 152 seizures (83.98%; 152/181) 



Table 3 Mean difference of the HR and various variables 
of 169 seizures 



Variables N HR difference (mean) F value P value 
Gender 

Male 107 63.432 0.681* 0.001* 

Female 45 48.933 
Localization 

Frontal 36 63.383 0.874* 0.419 

Temporal 89 57.081 

Occipital 27 60.267 
Side 

Left 80 54.270 0.100* 0.010* 

Right 72 64.550 
Type 

SPS 14 47.486 32.050* 0.000* 

CPS 95 51.196 

CPS-G 43 80.484 
State 

Sleep 64 67.388 0.297* 0.000* 



Wakefulness 88 53.141 
# Value between groups. ^Statistically significant. 
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Table 4 Correlations between the HR difference and the 
clinical variables 



Table 6 HR difference related to different side, type and 
state 



Variables 



Difference of heart rate 

p-value 



Age 
Duration 



0.018 
0.307 



0.824 
0.000* 



Spearman's rank correlation coefficient or Spearman's rho; Correlation is 
significant at the 0.01 level (two-tailed test). 

and IB was found in 2 seizures (1.10%; 2/181). IT was di- 
vided into three types based on the HR and HR changes 
at each time in each seizure (Figures 4, 5). First, the HR 
became fast after the slow period and then gradually re- 
covered in 80 of 152 seizures (52.63%) as compared to 
baseline. Second, the HR became slow after the fast 
period, became fast and gradually recovered in 15 of 152 
seizures (9.87%) as compared to baseline. Third, the HR 
increase rapidly, then gradually recovered in 57 of 152 
seizures (37.50%) as compared to baseline (Figures 4, 5). 
No further study was conducted on IB, because the 
numbers were limited. 

Discussion 

Addressing the issue of cardiac changes during ictal 
phase is challenging, the results of previous studies were 
different. The expected consequence of seizure activity is 
an increased HR as compared to baseline due to sympa- 
thetic discharge, furthermore, study showed that cardiac 
rhythm abnormalities occur during or after seizure activ- 
ity in patients with refractory epilepsy. Seizure-related 
disturbances of cardiac rate, rhythm, and conduction 
have been identified in patients with epilepsy, with IT 
being the most frequent [19]. The consequence of a sus- 
tained tachycardia during epileptic seizures could be a 
ventricular tachycardia and sudden death. This is espe- 
cially significant for individuals underlying cardiac disease 
[20]. These results suggest the possibility of increase 
SUDEP during seizure period, which is introduced by pre- 
vious studies [21,22]. 

We noted that seizures are associated with a marked 
increase in HR in most cases as noted previously [19]. 
As shown in Table 1, there were differences in the HR 
changes between SPS, CPS and CPS-G (P < 0.01). We 
observed that CPS-G displayed a significantly higher 

Table 5 Correlations between the HR difference and the 
clinical variables (multiple linear regression) 



Model 


Coeficient 


Standard error 


p-value 


Gender 


-2.151 


3.833 


0.576 


Side 


9.502 


3.258 


0.006 


Type 


-18.478 


3.268 


<0.001 


State 


13.041 


3.257 


<0.001 


Duration 


0.053 


0.032 


0.099 



Model 

Side 
Type 
State 



Coeficient 

9.635 
-21.382 
13.150 



Standard error 

3.232 
2.751 
3.266 



p-value 

0.003 
0.000 
0.000 



Dependent variable: HR difference. 

ictal and postictal HR difference than SPS and CPS, which 
has been reported previously [23]. The observed alter- 
ations could potentially facilitate sudden cardiac death and 
might contribute to the association of SUDEP in epilepsy 
with CPS-G. There is evidence of a hemispheric-specific 
organization of this response as shown in the depth elec- 
trode studies by Oppenheimer et al. With the pressor re- 
sponse lateralized to the right and depressor response to 
the left hemisphere [24]. As illustrated in Table 1, the HR 
in the right focus showed a significant increase over that 
in the left focus (P < 0.05). 

Another major finding of our study was a central im- 
balance of autonomic cardiac control in men only. From 
published reports, there is evidence for gender differ- 
ences in cardiac sympathovagal regulation. HR changes 
in women have been shown to be significantly less than 
in men as a result of a reduced sympathetic influence on 
the heart [25]. In our study, the HR changes of 124 
male seizures were higher than those of 57 female sei- 
zures (P < 0.001). 

The relationship between the circadian clock and epi- 
lepsy might provide additional understanding of the 
mechanisms that induce seizures to occur at certain 
times [26]. As shown in Table 1, a total of 72 (39.8%) of 
the seizures occurred in sleep, and 109 (60.2%) occurred 
in wakefulness. A previous study analyzed fourteen pa- 
tients who died during sleep; two patients were awake 
among 16 SUDEP cases. Greater increases in HR were 
associated with seizures arising from sleep (78 BPM in- 
crease) than from wakefulness (47 BPM; P < 0.001) in 
SUDEP cases [27]. Our study showed significant differ- 
ences in HR increases which can be observed during sei- 
zures arising from sleep more frequently than during 
seizures arising from wakefulness (the mean increase in 
HR, 63 BPM in sleep and 47 BPM in wakefulness, P < 
0.001) (Table 1). As illustrated in the Figure 3, we also 
find that CPS-G seizures tend to arise from sleep. How- 
ever, a recent study illustrated that seizures arising from 
sleep which display higher HR changes are somewhat 
trivial, as baseline and preictal HR are lower during sleep 
because of higher vagal tone [28]. To minimize the bias 
due to sleep-related prominent vagal tone, we have com- 
pared the difference during 72 sleep and 17 CPS-G sleep 
seizures between postictal and ictal HR respectively. Ictal 
HR were higher than postictal HR in the 72 sleep 
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Figure 4 HR changes in the regularity graph of 152 ictal tachycardia seizures. A. HR changes in the regularity graph of three types of IT. 
B. HR changes in the regularity graph of different seizure type; C. HR changes in the regularity graph of different seizure onset; D. HR changes in 
the regularity graph of different seizure gender, hemispheric lateralization and state. 



seizures (P < 0.001). In the CPS-G seizures, ictal HR 
were higher than postictal HR (P < 0.001). 

The circadian distributions of seizures arising from in- 
dividual regions among seizure localizations have been 
poorly described in the literature. Our findings confirm 
that there were differences in the HR changes during 
wakefulness and sleep in frontal, temporal and occipital 
lobe seizures (P < 0.01) (Figure 1). 



In our report, we observed that side (left/right), type 
(SPS, CPS and CPS-G) and state (sleep /wakefulness) 
were independently related to HR differences by mul- 
tiple linear regression analysis (Table 6). One limitation 
of our regression model is the relatively few seizures 
after the larger dataset was divided into the various seiz- 
ure types, frequently referred to as the "curse of dimen- 
sionality". It was for this reason that we could look at 
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sleep/ wakefulness, left/right, and types of seizures to- 
gether, but not add location to that analysis. Hence, we 
were unable to determine if a particular seizure type was 
more likely to occur in a specific location and whether 
this location differed depending on the sleep state. Our 
results add to the available literature by providing add- 
itional details on seizure types. Of the 181 seizures with 
ictal ECGs, 152 seizures (83.98%) were associated with 
IT. We have documented IT during both left 80 and 
right 72 onset seizures among 152 seizures. From 
Table 3, we can add location to that analysis. Whether 
there is a central hemispheric lateralization of cardiac 
autonomic control is debatable, a recent intracranial 
EEG-study comparing HR modulation during left-and 
right-sided seizures within the same patients has not 
found a group effect of the side of seizure-onset [29]. 
However, our results confirm that the HR of the patients 
with a right focus showed a significant increase over the 
HR of the patients with a left focus (P = 0.01), which has 
been reported previously [15,16]. The mean HR differ- 
ences of SPS, CPS and CPS-G were (47.5 ± 24.9), (51.2 ± 
19.8) and (80.5 ± 21.3) BPM, respectively. The HR 
changes in CPS-G seizures were the highest of the three 
types (P < 0.01) (Table 3), which has been reported pre- 
viously [23,11]. 

The mean HR differences of sleep and wakefulness 
were (67.4 ± 22.9) and (53.1 ± 24.2) BPM. The HR changes 
during sleep are higher than in wakefulness (P<0.01) 
(Table 3), as in previous studies [30]. 

Epileptic discharges of inpatients with seizures are 
thought to propagate to the central autonomic network 
and change or disturb normal autonomic control of vital 
cardiac functions. This activation of the central auto- 
nomic nervous system is responsible for the periictal 
autonomic cardiac symptoms observed in patients with 
epilepsy. As we know, HR changes can precede clinical 
and encephalographic seizure onset, and early detection 
of these changes can have an application in seizure de- 
tection systems [17]. Similarly, changes in vagus nerve 
activity— indicative of the autonomic control of the 
heart— could be used as seizure predictors. 

So far, nobody shows the regularity of HR changes in 
seizures. Our study confirms that the HR in the stage of 
epilepsy has a regular evolution varying with time 
(Figures 4, 5). According to Figures 4 and 5, IT was di- 
vided into three types based on the HR at each time in 
each seizure. We also find that in a total of 152 investi- 
gated IT seizures, HR increases rapidly (within 10 s be- 
fore seizure onset and ictus) and typically slows to 
normal with seizure offset (Figures 4, 5). In previous re- 
ports, ictal HR increases as compared to baseline pre- 
ceded seizure onset on surface EEG for 8-19 s [7,15]. In 
our study population, the time lag was 10 s, conforming 
to the time window previously. Our curve graphs can be 



more intuitive to show HR changes regularity, seizure 
detection and help to clarify further the basic mecha- 
nisms of interactions between heart and brain. Similarly, 
identification of these early autonomic manifestations in 
seizures can theoretically contribute in developing new 
treatment strategies based on seizure detection for pa- 
tients with refractory seizures. If further investigation 
validates such techniques, changes in HR might be in- 
cluded in seizure warning systems or even in "on de- 
mand" electrical stimulation therapies such as vagus 
nerve stimulation (VNS). Therefore, the monitoring of 
cardiac activity could predict on-coming seizures prior 
to their EEG onset, which could theoretically increase 
the quality of life and treatment efficiency in at least 
some patients with refractory epilepsy. 

Limitations 

There are several limitations to this retrospective study, 
and much work remains. For future studies, it would be 
desirable to have more detailed information regarding 
certain possible risk factors for SUDEP such as EKG ab- 
normalities, seizure etiology, IQ test performance and 
AED doses and serum levels. 

Conclusions 

In conclusion, our results emphasize the importance of 
screening data on seizures for a right focus, CPS-G and 
sleep. This study suggests that patients with evidence of 
a great degree of change in autonomic tone during sei- 
zures might be at increased risk for SUDEP. Our study 
first explains that the HR in the stage of epilepsy has a 
regular evolution varying with time. Curve graphs show 
that HR increases rapidly within 10 seconds before seiz- 
ure onset and ictus, and typically slows to normal with 
seizure offset. Our study might help to clarify further the 
basic mechanisms of interactions between heart and 
brain, making seizure detection and closed-loop systems 
a possible therapeutic alternative in refractory patient. 

Abbreviations 

SUDEP: Sudden unexpected death in epilepsy; HRV: Heart rate variability; 
EEG-ECG: Electroencephalograph-electrocardiography; SPS: simple partial 
seizures; CPS: Complex partial seizures; CPS-G: Complex partial seizures 
secondarily generalized; HR: Heart rate; MRI: Magnetic resonance imaging; 
IT: Ictal tachycardia; IB: Ictal bradycardia; BPM: Mean, beats/min; VNS: Vagus 
nerve stimulation. 

Competing interests 

The authors declared no potential conflicts of interest with respect to the 
research, authorship, finance and/or publication of this article. 

Authors' contributions 

Author contributions to the study and manuscript preparation include the 
following. Conception and design: WC, FGM. Acquisition of data: WC, FGM, 
CLG, PSZ, JGZ, HQ. Analysis and interpretation of data: CL, PSZ. Drafting the 
article: WC, FGM. Critically revising the article: all authors. Reviewed final 
version of the manuscript and approved it for submission: all authors. 
Statistical analysis: CL, CLG, PSZ. Study supervision: FGM. 



Chen et al. BMC Neurology 201 4, 14:1 35 Page 1 0 of 1 0 

http://www.biomedcentral.com/1471-2377/14/135 



Acknowledgements 

Dr. Meng was supported by National Natural Science Foundation of China 
(Grant No. 81071224), Beijing Natural Science Foundation, China (Grant No. 
7123209), Beijing Outstanding Talent Training Program (2009D003034000002) 
and Beijing Health System Advanced Health Technology Talent Cultivation 
Plan (Grant No. 2011-3-032). 

Author details 

department of Neurosurgery, Liaocheng People's Hospital, Shangdong 
province, Liaocheng 252000, China. 2 Beijing Neurosurgical Institute, Capital 
Medical University, Beijing 100050, China, department of Neurosurgery, 
Beijing Tiantan Hospital, Capital Medical University, Beijing 100050, China. 

Received: 24 January 2014 Accepted: 16 June 2014 
Published: 20 June 2014 



References 

1. Moghimi N, Lhatoo SD: Sudden unexpected death in epilepsy or voodoo 
heart: analysis of heart/brain connections. Curr Cafdiol Rep 2013, 
15(12):424. 

2. Stein PK, Kleiger RE: Insights from the study of heart rate variability. Annu 
Rev Med 1999, 50:249-261. 

3. Jansen K, Lagae L: Cardiac changes in epilepsy. Seizure 2010, 19(8):455-460. 

4. Tomson T, Ericson M, Ihrman C, Lindblad LE: Heart rate variability in 
patients with epilepsy. Epilepsy Res 1998, 30(1):77-83. 

5. Harnod T, Yang CC, Hsin YL, Shieh KR, Wang PJ, Kuo TB: Heart rate 
variability in children with refractory generalized epilepsy. Seizufe 2008, 
17(4):297-301. 

6. Reeves AL, Nollet KE, Klass DW, Sharbrough FW, So EL: The ictal 
bradycardia syndrome. Epilepsia 1996, 37(1 0):983-987. 

7. Blumhardt LD, Smith PE, Owen L: Electrocardiographic accompaniments 
of temporal lobe epileptic seizures. Lancet 1986, 1(8489):1 051 -1056. 

8. Epstein MA, Sperling MR, O'Connor MJ: Cardiac rhythm during temporal 
lobe seizures. Neumlogy 1992, 42(1):50-53. 

9. Keilson MJ, Hauser WA, Magrill JP: Electrocardiographic changes during 
electrographic seizures. Arch Neurol 1989, 46(1 1):1 169-1 170. 

10. Opherk C, Coromilas J, Hirsch LJ: Heart rate and EKG changes in 102 
seizures: analysis of influencing factors. Epilepsy Res 2002, 52(2):1 1 7-127. 

11. Nilsen KB, Haram M, Tangedal S, Sand T, Brodtkorb E: Is elevated pre-ictal 
heart rate associated with secondary generalization in partial epilepsy? 
Seizure 2010, 1 9(5):291 -295. 

12. Espinosa PS, Lee JW, Tedrow UB, Bromfield EB, Dworetzky BA: Sudden 
unexpected near death in epilepsy: malignant arrhythmia from a partial 
seizure. Neurology 2009, 72(1 9):1 702-1 703. 

13. Freeman R, Schachter SC: Autonomic epilepsy. Semin Neurol 1995, 
15(2):158-166. 

14. Galimberti CA, Marchioni E, Barzizza F, Manni R, Sartori I, Tartara A: Partial 
epileptic seizures of different origin variably affect cardiac rhythm. 

Epilepsia 1996, 37(8)742-747. 

15. Leutmezer F, Schernthaner C, Lurger S, Potzelberger K, Baumgartner C: 
Electrocardiographic changes at the onset of epileptic seizures. Epilepsia 
2003, 44(3):348-354. 

16. Massetani R, Strata G, Gal I i R, Gori S, Gneri C, Limbruno U, Di SD, Mariani M, 
Murri L: Alteration of cardiac function in patients with temporal lobe 
epilepsy: different roles of EEG-ECG monitoring and spectral analysis of 
RR variability. Epilepsia 1997, 38(3):363-369. 

17. Jansen K, Varon C, Van HS, Lagae L: Peri-ictal ECG changes in childhood 
epilepsy: implications for detection systems. Epilepsy Behav 2013, 
29(1):72-76. 

18. Wilder-Smith E, Lim SH: Heart rate changes during partial seizures: a 
study amongst Singaporean patients. BMC Neurol 2001, 1:5. 

19. Kanner AM: Peri-ictal cardiac and respiratory disturbances in epilepsy: 
Incidental finding or culprit of SUDEP. Epilepsy Curr 201 1, 1 1(1):16-18. 

20. Brotherstone R, Blackhall B, McLellan A: Lengthening of corrected QT 
during epileptic seizures. Epilepsia 2010, 51 (2):22 1-232. 

21. Sillanpaa M, Shinnar S: Long-term mortality in childhood-onset epilepsy. 
N Engl J Med 201 0, 363(26):2522-2529. 

22. Mohanraj R, Norrie J, Stephen LJ, Kelly K, Hitiris N, Brodie MJ: Mortality in 
adults with newly diagnosed and chronic epilepsy: a retrospective 
comparative study. Lancet Neurol 2006, 5(6):481 -487. 



23. 



24. 



25. 



26. 



27. 



28. 



29. 



30. 



Surges R, Scott CA, Walker MC: Enhanced QT shortening and persistent 
tachycardia after generalized seizures. Neurology 2010, 74(5):42 1-426. 
Oppenheimer SM, Gelb A, Girvin JP, Hachinski VC: Cardiovascular effects of 
human insular cortex stimulation. Neurology 1992, 42(9): 1 727-1 732. 
Ramaekers D, Ector H, Aubert AE, Rubens A, Van WF: Heart rate variability 
and heart rate in healthy volunteers. Is the female autonomic nervous 
system cardioprotective? Eur Heart J 1998, 19(9):1 334-1 341. 
Quigg M: Circadian rhythms: interactions with seizures and epilepsy. 
Epilepsy Res 2000, 42(1):43-55. 

Nei M, Ho RT, Abou-Khalil BW, Drislane FW, Liporace J, Romeo A, Sperling 
MR: EEG and ECG in sudden unexplained death in epilepsy. Epilepsia 
2004, 45(4):338-345. 

Calandra-Buonaura G, Toschi N, Provini F, Corazza I, Bisulli F, Barletta G, 
Vandi S, Montagna P, Guerrisi M, Tinuper P, Cortelli P: Physiologic 
autonomic arousal heralds motor manifestations of seizures in nocturnal 
frontal lobe epilepsy: implications for pathophysiology. Sleep Med 2012, 
13(3):252-262. 

Surges R, Jordan A, Elger CE: Ictal modulation of cardiac repolarization, 
but not of heart rate, is lateralized in mesial temporal lobe epilepsy. PLoS 
One 2013, 8(5):e64765. 

Loddenkemper T, Vendrame M, Zarowski M, Gregas M, Alexopoulos AV, 
Wyllie E, Kothare SV: Circadian patterns of pediatric seizures. Neurology 
2011, 76(2):1 45-1 53. 



doi:1 0.1 1 86/1 471 -2377-1 4-1 35 

Cite this article as: Chen et al:. Heart rate changes in partial seizures: 
analysis of influencing factors among refractory patients. BMC Neurology 

2014 14:135. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



